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The full-potential linear augmented plane-wave calculations have been applied to investigate 
the systematic change of electronic structures in CaAlSi due to different stacking sequences of 
AlSi layers. The present ab-initio calculations have revealed that the multistacking, buckling 
and 60° rotation of AlSi layer affect the electronic band structure in this system. In particular, 
such a structural perturbation gives rise to the disconnected and cylindrical Fermi surface 
along the M-L lines of the hexagonal Brillouin zone. This means that multistacked CaAlSi 
with the buckling AlSi layers increases degree of two-dimensional electronic characters, and it 
gives us qualitative understanding for the quite different upper critical field anisotropy between 
specimens with and without superstructure as reported previously. 
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A ternary silicide superconductor CaAlSi with the su- 
perconducting transition temperature (Tc) ~ 8 K is at- 
tracting much interest, as they exhibit an isostructural 
to MgB2^ and thereby they may serve as one of the ref- 
erence system to understand the high-Tc of MgB2.^ As a 
peculiar feature, CaAlSi has two types of multi-stacked 
structure, where they possess a clear five-layered {bH- 
CaAlSi, Tc - 5.7 K) or six-layered (6iJ-CaAlSi, Tc - 
7.8 K) superlattice along the c-axis caused by the buck- 
ling and/or rotation of AlSi layer. ^ Meanwhile, we have 
reported that the specimen without superstructure [IH- 
CaAlSi, Tc ~ 6.5 K) exhibits the AlB2-like crystal struc- 
ture with Al and Si atoms being distributed regularly 
in the B2 plane without superlattice structure. Interest- 
ingly, we have found that Tc and many other transport 
properties in CaAlSi depend on the superstructured peri- 
odicity. For instance, the field-induced magnetic response 
in liJ-CaAlSi exhibits almost isotropic characteristics 
for each crystal axis, while that in 5-ff- and 6i/-CaAlSi 
(superstructured CaAlSi) shows anisotropic ones. More- 
over, heat capacity,'* tunneling spectroscopy^ and angle- 
resolved photoemission spectroscopy (ARPES)^ mea- 
surements suggest the weak-coupling BCS superconduc- 
tor for li/-CaAlSi, while superstructured CaAlSi with 
the buckling AlSi layer is in a strong-coupling limit. 

In order to clarify the detailed electronic structures 
in these new and interesting systems, we have tried to 
map out the overall electronic band-structures and Fermi 
surface properties in IH-, 5H- and 6-ff-CaAlSi using ab- 
initio analysis. Moreover, to estimate buckling effect in 
this multistacking system, we performed calculations on 
a virtual sixfold stacking specimen without buckling lay- 
ers. 

Calculations of the electronic structures were per- 
formed by the full-potential linear augmented plane- wave 
(LAPW) method as implemented in the WIEN2K pro- 
gram package.^ The valence electrons were applied to a 








\t 


A 


4 

''\ 






■ M 

y ^v--- 






\ 







Fig. 1. Calculated band structure, Fermi surface and the Bril- 
louin zone of 1/f-CaAlSi (P6m2 symmetry). 



scalar-relativistic approximation, and the Perdew-Burke- 
Ernzerhof generalized-gradient approximation (GGA) 
potential was used for the exchange correlation poten- 
tial.* For the structure parameter, experimentally deter- 
mined crystal symmetry and lattice constants were ap- 
plied and internal coordinates were taken from the struc- 
ture data reported previously.'^' The LAPW sphere radii 
of 17J/5F/6iy-CaAlSi were set to 2.50/2.50/2.50 a.u. for 
Ca, 2.29/2.27/2.27 a.u. for Al and 2.29/2.27/2.27 a.u. for 
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Fig. 2. (Color) Multistack crystal structures, calculated energy band structures and Fermi surfaces of (a) li?-CaAlSi X 6 (P6m2), (b) 
6-ff-CaAlSi without buckling {PGs/mmc), (c) 6-ff-CaAlSi (PGimc) and (d) 5-ff-CaAlSi (P3ml). The green and red sheets placed into 
the crystal structures represent the flat AlSi layer, and their different colors mean the rotation of 60° around the c-axis. 



Si, respectively. The cut-ofF parameter i?-fi'max was cho- 
sen as 7.0. 

Figure 1 shows the calculated band structure, Fermi 
surface and the Brillouin zone of l_ff-CaAlSi with the 
space group of P6m2 symmetry. We first note that our 
results on the overall band structures and Fermi surface 
properties for li/-CaAlSi are in fairly well agreement 
with those reported previously. ^"^^ Unlike MgB2,^^ the 
Fermi level is mainly composed by the band of Ca d- 
orbitals: their ratio at the Fermi level is about 60% in 
comparison with about 10% for Al p-orbitals and 10% 
for Si p-orbitals. Thus, the electronic ground state in IH- 
CaAlSi has almost three-dimensional (3D) characteris- 
tics. Meanwhile, in this paper we mainly present that the 
electronic structure of superstructured CaAlSi increases 
degree of two-dimensional (2D) features induced by the 
structural change such as different stacking sequences of 
buckling and flat AlSi layers. 

Figure 2 displays the multistack crystal structures, cal- 
culated energy band structures and Fermi surface of (a) 



lJ?-CaAlSi X 6 (P6to2), (b) 6ff-CaAlSi without buck- 
Ung {PGs/mmc), (c) 6i/-CaAlSi (PGamc) and (d) 5H- 
CaAlSi (P3ml). 

Here, "li?-CaAlSi x 6" is defined by a sixfold stack- 
ing structure of li?-CaAlSi with flat AlSi layer along the 
c-axis, and then lattice parameters a and c were set to be 
4.196 A and 26.484 (= 4.414 x 6) A as listed in our pre- 
vious report.'* As shown in right side of Figs. 2 (c) and 
(d), the crystal structures of 6H- and 5i/-CaAlSi pos- 
sess two and one flat AlSi layers in addition to the sev- 
eral buckling layer, respectively. The differences between 
two types of multistacked structures are attributed to the 
60° rotation of the Al/Si arrangement in the AlSi layers 
around the c-axis and the buckling and flat AlSi layers 
in different stacking sequences. Structural parameters re- 
ported in Ref. [3] were applied to the present calculation 
on 6i7-CaAlSi (a = 4.184 A and c = 26.389 A) and 5H- 
CaAlSi (a 4.217 A and c = 22.064 A). Moreover, hy- 
pothetical "6i?-CaAlSi without buckling" is defined by 
the sixfold superstructure without the buckling in the 
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Fig. 3. Electronic total DOS for lif-CaAlSi (dotted line), bH- 
CaAlSi (dashed line) and 6ff-CaAlSi (solid line). Inset shows 
the DOS around the Fermi level. 

AlSi layer (i.e., assuming only flat AlSi layers) to com- 
pare with 6i?-CaAlSi. For 6i/-CaAlSi without buckling, 
the unit cell size is sot to be identical to that of real QH 
structure (see Fig. 2 (b)), while each flat AlSi layers are 
placed at the midpoint between two Ca layers. 

In the following, we show that the systematic struc- 
tural change in the sequence liJ-CaAlSi x 6 ^ QH- 
CaAlSi without buckling — > 6ff-CaAlSi leads to a clear 
change of band structures and Fermi surface properties 
around K(H) points. Comparing with the Fermi surface 
of m-CaAlSi X 6 and 6i/-CaAlSi without buckling re- 
veals the slight opening of gap at the zone boundary 
along the kz = -^ir/c directions, due to the breaking of 
the translation symmetry originated from the rotation 
of AlSi layer. However, no signiflcant change of over- 
all band structure and Fermi surface properties between 
them could be seen at the level of the present data. 
On the other hand, in real &H structure the band ly- 
ing on the Fermi energy around K-H line seems to shift 
toward higher energy region probably due to the addi- 
tional contribution such as hybridization of Al/Si Px+y- 
and p2-orbitals because of the buckling of AlSi layer. 
Thus, 6-ff-CaAlSi dose not possess any bands at the 
Fermi energy along the K-H lines. In fact, the Fermi sur- 
face around K(H) points disappear in 6i?-CaAlSi, and 
the disconnected and cylindrical Fermi surface sheets re- 
main around the Brillouin zone boundary (M point) as 
shown in Fig. 2 (c). A similar relationship between the 
appearance of cylindrical Fermi surface and the presence 
of superstructure is also observed in 5i?-CaAlSi (see Fig. 
2 (d)). Therefore, such a disconnected and cylindrical 
Fermi surface, which reflects to the 2D-like characteris- 
tics, is derived from not only the contribution of Brillouin 
zone folding due to the multistacking structure along the 
c-axis but also the buckling effect in the AlSi layer. 

Figure 3 shows the calculated total DOS for \H-, 5H- 
and 6iJ-CaAlSi. Inset indicates the data near the Fermi 
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Fig. 4. Sitc-projcctcd p-orbital DOS of Al and Si atoms in (a) 
IH-CaAlSi X 6, (b) 6H-CaAISi without buckling and (c) 6H- 
CaAlSi. 

energy, and these dotted lines at i? = correspond to the 
Fermi energy. As mentioned earlier, despite the drastic 
change of Fermi surface around K(H) points in super- 
structured CaAlSi with respect to l_ff-CaAlSi, there is 
no substantial difference between the overall total DOS 
for these three phases. As shown in inset of Fig. 3, we 
find that total DOS at the Fermi energy slightly increases 
along the series IH (1.10 states/eV unitcell) 6H (1.13 
states/eV unitcell) — > 5H (1.18 states/eV unitcell). We 
next discuss the origin of disappearance of the Fermi sur- 
face around K(H) points from viewpoint of site-projected 
orbital DOS. 

Figure 4 shows the site-projected p-orbital DOS of Al 
and Si atoms in (a) Iff-CaAlSi x 6, (b) 6ff-CaAlSi with- 
out buckling and (c) 6if-CaAlSi. Here, All/Sil, A12/Si2 
and A13/Si3 correspond to each site of Al and Si atoms 
as listed in Fig. 2. At the level of the data here of IH- 
CaAlSi X 6 and 6iJ-CaAlSi without buckling, there is no 
change of the p-orbital DOS at the Fermi level between 
each sites of Al and Si atoms, as expected for their crys- 
tal symmetry. For 6iJ-CaAlSi, it is interesting to note 
that the p-orbital DOS of A12 (corresponding to Al in 
the flat layer) at the Fermi energy is extremely smaller 
than that in the buckling layer (All and A13). There- 
fore, such a decrease of the p-orbital DOS of A12 might 
be connected with the disappearance of the 3D-like Fermi 
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surface sheets around the K(H) points in the superstruc- 
tured CaAlSi, and 2D-Ukc Fermi surface appear along 
the M-L hnes. Unfortunately, there is no intuitive reason 
why the buckling effect gives rise to such a suppression 
of the p-orbitals DOS of A12 site. 

Finally, we briefly discuss the origin of a large dif- 
ference in superconducting response (i.e., upper critical 
field anisotropy)^ between liJ-CaAlSi and superstruc- 
tured CaAlSi based on the present calculation results. 
We stress again that 5H- and 6-ff-CaAlSi has a large up- 
per critical field anisotropy, while liJ-CaAlSi shows an 
isotropic magnetic response as expected for the 3D elec- 
tronic state. As the present calculations pointed out, 3D 
Fermi surface properties in liJ-CaAlSi leads to such an 
isotropic superconducting response. On the contrary, the 
presence of disconnected and cylindrical Fermi surface 
manifested in the present calculations on the superstruc- 
tured CaAlSi might be given rise to such a large upper 
critical field anisotropy. In fact, this scenario is further 
supported by our recent ARPES measurements on the 
superstructured CaAlSi.^ It has revealed the main open- 
ing of superconducting gap on the Fermi surface with 2D- 
like characteristics around M(L) points. Consequently, 
the origin of the different upper critical field anisotropy 
between li7-CaAlSi and superstructured CaAlSi is rel- 
evant to the drastic change of Fermi surface properties 
around M(L) points from 3D character to 2D-like one. 

In summary, we have provided the first information 
for the detailed electronic properties of CaAlSi with and 
without superstructure through mapping out the over- 
all band structures and Fermi surface. Calculations have 
suggested that the structural change from IH to 6H (i.e., 
multistacking, buckling and 60° rotation of AlSi layer) 
leads to a clear change of band structure in this sys- 
tem. In particular, the buckling effect is suppressed the 
p-orbital DOS of Al atoms in the flat layer, which might 
be connected with the disappearance of the Fermi surface 
around K-H lines. This leads to the presence of discon- 
nected and cylindrical Fermi surface sheet with the M-L 
dispersion, and it gives us the direct explanation for the 



experimentally determined different magnetic response 
(upper critical field anisotropy) between liJ-CaAlSi and 
superstructured CaAlSi. 
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